In this Supplemental Material, we provide additional numerical results for the situation where spin relaxation is mainly driven by spin dephasing in absence of real space random potential fluctuations (electron-hole puddles).
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We start by illustrating the scaling behavior between the numerically obtained spin relaxation time τ s , the spin precession time T Ω and the chosen Rashba SOC λ R (given in the main manuscript):
We compare the spin dynamics of the pristine graphene sample with the SOCs enhanced Ref. 2 ) has also been found for the hBN puddle case in the main manuscript. A similar M-shape but related to another physical mechanism for spin relaxation has been discussed for SiO 2 puddles in the main text.
One notices in Fig This effect is further discussed in Fig. S3 where the time-evolution of spin polarization with initial out-of-plane ( Fig.S3(a) ) and in-plane ( Fig.S3(b) ) spin injection are reported. Both spin signals follow cosine oscillation functions with the same period T Ω , but differently to the out-of-plane initital polarization (which oscillates around zero and is thus eventually lost at long enough elapsed times), the in-plane initial polarized spin keeps a finite polarization in the long time limit of 1/2 the initial value. This effect is rationalized as follows. Fig.S3 (b) shows that the spin polarization of the in-plane spin injection oscillates around 0.5 and is well fitted by the function
whereas the out-of-plane one oscillates around 0 ( Fig.S1 (a) ) and is well fitted by
In both fitting forms, the relaxation term e −t/τs is always bound to the precession term
. The time-independent term in Eq.(2) can be understood from the direction of the magnetic field B SOC induced by SOCs.
Indeed, an arbitrary spin S precesses about B SOC , and such precessing spin can be considered as the combination of two components S = S || + S ⊥ (see Fig.S1(c) ). The parallel component We finally note that such robust spin polarization for in-plane injection is further relaxed by additional perpendicular fields, such as those applied in non-local Hanle spin precession measurements 4 .
